Abstract Precise measurements of local magnetic fields have been obtained with a differentially connected array of seven synchronized proton magnetometers located along 60 km of the locked-to-creeping transition region of the San Andreas fault at Parkfield, California, since 1976. The M 6.0 Parkfield earthquake on 28 September 2004, occurred within this array and generated coseismic magnetic field changes of between 0.2 and 0.5 nT at five sites in the network. No preseismic magnetic field changes exceeding background noise levels are apparent in the magnetic data during the month, week, and days before the earthquake (or expected in light of the absence of measurable precursive deformation, seismicity, or pore pressure changes). Observations of electric and magnetic fields from 0.01 to 20 Hz are also made at one site near the end of the earthquake rupture and corrected for common-mode signals from the ionosphere/magnetosphere using a second site some 115 km to the northwest along the fault. These magnetic data show no indications of unusual noise before the earthquake in the ULF band (0.01-20 Hz) as suggested may have preceded the 1989 M L 7.1 Loma Prieta earthquake. Nor do we see electric field changes similar to those suggested to occur before earthquakes of this magnitude from data in Greece. Uniform and variable slip piezomagnetic models of the earthquake, derived from strain, displacement, and seismic data, generate magnetic field perturbations that are consistent with those observed by the magnetometer array. A higher rate of longer-term magnetic field change, consistent with increased loading in the region, is apparent since 1993. This accompanied an increased rate of secular shear strain observed on a two-color EDM network and a small network of borehole tensor strainmeters and increased seismicity dominated by three M 4.5-5 earthquakes roughly a year apart in 1992, 1993, and 1994. Models incorporating all of these data indicate increased slip at depth in the region, and this may have played a role in the final occurrence of the 28 September 2004 M 6.0 Parkfield earthquake. The absence of electric and magnetic field precursors for this, and other earthquakes with M 5-7.3 elsewhere in the San Andreas fault system, indicates useful prediction of damaging earthquakes seems unlikely using these electromagnetic data.
Introduction
Time-dependent local magnetic anomalies have been expected and detected as a result of stress changes that accompany seismic fault failure (Sasai, 1980 (Sasai, , 1991 Stacey, 1964; Stacey and Johnston, 1972) Magnetic field changes (usually termed tectonomagnetic effects [TMEs] for effects related to aseismic tectonic activity and seismomagnetic effects [SMEs] for effects related to earthquakes) were observed to accompany the 8 July 1986 M 5.9 North Palm Springs earthquake (Johnston and Mueller, 1987) , the 18 October 1989 M L 7.1 Loma Prieta earthquake (Mueller and Johnston, 1990) , and the 28 June 1992 M 7.3 Landers earthquake (Johnston et al., 1994) . These observations are readily explained in terms of piezomagnetic changes in crustal rocks expected on the basis of stress changes calculated from geodetic and seismologic models of these earthquakes. It seems that seismomagnetic effects are a normal feature of earthquakes with M Ͼ 6.0.
Detection of local magnetic changes preceding earthquakes of this magnitude is much less clear (Johnston, 1989; Park et al., 1993) . No indications of precursory magnetic field changes are apparent in data from at least two independent near-field magnetometers in our continuous array along the San Andreas fault for some 150 or so earthquakes with M Ͼ 5.0 in the last 25 years. We have just one case of a clear 1 nT anomaly seen before a nearby M 5.2 earthquake on a single instrument (Smith and Johnston, 1976) with some indications of the same anomalous signal at a second site (Davis et al., 1980) . Low-frequency (0.01-10 Hz) (usually termed ULF) and high-frequency (80 KHz) magnetic noise has recently been suggested to precede earthquakes. In particular, ULF signals were suggested to precede the 12 July 1988 M 6.8 Spitak, Armenia, earthquake (Kopytenko et al., 1993) , the 18 October 1989 M L 7.1 Loma Prieta earthquake (Fraser-Smith et al., 1990) , and the 8 August 1993 M 8 Guam earthquake (Hayakawa et al., 1996) . Unfortunately, all of these observations were made on single instruments with no correction for ionospheric and magnetospheric noise. More serious problems are the lack of reproducibility of these signals, the absence of corresponding (larger) signals coincident with these earthquakes when the major energy release is occurring, and clear indications that these signals relate to earthquake source parameters. Signals similar to those seen on a single magnetometer by Fraser-Smith et al. (1990) preceding the Loma Prieta earthquake were not observed on a small array of magnetometers following the 1999 M 7.1 Hector Mine earthquake (Karakelian et al., 2002) . Similar signals were also not seen at the time of the 17 January 1994 M 6.7 Northridge earthquake (Fraser-Smith et al., 1994) . Nonetheless, based on the possibility that these magnetic signals might be earthquake related, many experiments are being implemented worldwide to search for these effects (e.g., Hayakawa, 1999) , including many involving the use of satellites for rapid worldwide detection of these signals (Parrot, 1994) .
Increased, though controversial, interest in tectonoelectric (TE) phenomena related to earthquakes has also occurred recently, primarily as a result of suggestions in Greece and Japan that short-term geoelectric field transients (seismoelectric signals [SESs]) of particular form and character precede earthquakes with magnitudes greater than 5 at distances up to several hundreds of kilometers (Varotsos et al., 1993a, b; Nagao et al., 1996) . Controversy about these results exists because (1) there are no similar coseismic signals observed when the primary earthquake energy is released that can be causally related to the earthquake source, (2) no clear physical explanation exists describing how the SES signals can relate to earthquakes occurring sometimes hundreds of kilometers away (Bernard, 1992) , (3) no independent data (strain, seismic, pore pressure, etc.) exists that supports the proposed earthquake/SES relationship, and (4) the SES signals have the form expected from rectification/saturation effects of local radio transmissions from high-power transmitters on nearby military bases (Pham et al., 1998) . The PK site in Parkfield has multiple electrodes, and peak-to-peak noise in data corrected for background disturbance is less than 20 lV/km, many orders of magnitude below that reported from the Greek SES measurements. The EM experiment thus provides an ideal test for these SES signals, particularly since the electrodes are much closer to the earthquake rupture and the earthquake magnitudes are comparable.
The 28 September 2004 M 6.0 Parkfield earthquake thus offers a unique new opportunity to identify each of these different magnetic and electric field changes before, during, and following the earthquake. Its epicenter was within the 50-km locked-to-creeping transition segment of the San Andreas fault where M 6.0 earthquakes have occurred in quasiperiodic manner from 1881 to the present . Electric and magnetic field monitoring instrumentation surrounding the earthquake includes a time-synchronized network of seven absolute magnetometers (Mueller et al., 1981) , a large-scale electric field monitoring array (Park, 1997) , and a bandlimited (0.001-10 Hz) magnetic and electric (EM) field monitoring site at the northern end of the rupture (Egbert et al., 2000) . This EM experiment fortunately covers the ULF band commonly reported to exhibit disturbance before earthquakes. Numerous other displacement, strain, velocity, acceleration, pore pressure, and other data also exist to provide independent constraints on physical processes that might be occurring in concert with any magnetic field and electric changes. The earthquake thus provides the best multiparameter data yet available to determine the reality of magnetic and electric field changes related to earthquakes.
The location of the mainshock rupture in relation to the main trace and southwest trace of the San Andreas fault at Parkfield is shown in Figure 1 . Seismic and geodetic moment tensor inversion Dreger et al., 2004; Fletcher et al., 2006; Langbein et al., 2005 Langbein et al., , 2006 Liu et al., 2006) indicate a moment of the earthquake of 10 18 N m (M 6.0). The earthquake nucleated beneath Gold Hill at a depth of 7.9 km and ruptured for about 20 km in a direction N43ЊW from Gold Hill. Slip increased to the northwest with a maximum value of 40-50 cm just to the northwest of the town of Parkfield. Inversions of strong-motion data (Fletcher et al., 2006; Liu et al., 2006 ) also indicate slip primarily to the northwest of the hypocenter but somewhat shallower than that obtained from geodetic and strain data . Joint inversion indicates a compromise slip distribution with a moment of 1.1 ‫ן‬ 10 18 N m. This article concerns preseismic, coseismic, and postseismic magnetic field data observed by the array shown in Figure 1 . In short, there are no clear short-term magnetic precursors to this earthquake consistent with the absence of measurably strain, pore pressure, and microseismicity precursors (Bakun et al., 2005) . Coseismic changes were apparently generated by earthquake-related stress release and indicate a piezomagnetic source (Stacey and Johnston, 1972) , rather than an electrokinetic source dependent on crustal fluid flow for these effects (Ishido and Mizutani, 1981) .
Longer-term changes during the 30-year period leading up to the earthquake show possible accelerated stressing of the region since 1993. Furthermore, there are no clear ULF Figure 1 . Location of the seven USGS absolute magnetometer sites relative to the epicenter (large star) and rupture (thick box with darkest section showing the greatest slip) of the 28 September, 2004 Parkfield earthquake and its subsequent aftershocks. Also shown is the University of California-Berkeley bandlimited (0.001-10 Hz) magnetic and electric (EM) field monitoring site at the northern end of the rupture (PK) and further up the fault (SAGO). Location of the San Andreas fault trace follows the work of Rymer et al. (2006) . Also shown for reference are borehole strainmeter and pore pressure sites. electromagnetic signals that occurred before or after the earthquake at the monitoring point PK within a kilometer or so of the earthquake rupture, although magnetic field and electric field seismograms were registered at the time of the earthquake probably because of ground displacement and tilting produced by the earthquake seismic waves.
Instrumentation
The U.S. Geological Survey has been operating a timesynchronized network of seven absolute proton precession magnetometers in the Parkfield region of the San Andreas fault since 1976 ( Fig. 1 ) with network completion in 1985. The purpose of this network is to quantify the form and character of local magnetic fields along active faults preceding and during fault rupture. Due to budget cutbacks, network maintenance has been decreased in recent years, but at the time of the 2004 M 6.0 Parkfield earthquake, all systems were operating. At the PK site, Frank Morrison, Sierra Boyd, and others from the University of California-Berkeley, have installed a three-component very broadband magnetic induction coil system (EMI-Schlumberger) together with two (100 m and 200 m) horizontal orthogonal electric dipole pairs. PK is within a few kilometers of the northwestern extent of the surface rupture on the fault for this earthquake. This magnetic system is capable of recording magnetic field change over the band 0.0001 Hz to 20 Hz with noise amplitude less than 2 pT/(ZHz) This band overlaps that for which Fraser-Smith et al. (1990) reported recording high magnetic noise prior to the Loma Prieta earthquake. Electric field noise in the same band is less than 50 lV/km in the uncorrected data. Most importantly, a similar site was also installed at SAGO, a UC Berkeley geophysical monitoring site on the San Andreas fault some 80 km to the northwest along the fault. This allows identification and correction for common-mode noise at the PK site due to disturbances in the ionosphere/magnetosphere.
Most total field sites, particularly GH located immediately above the earthquake hypocenter, are within the near field (i.e., a few rupture lengths) of the earthquake. All total field sites operate at 0.25 nT sensitivity. Data are synchronously sampled every 10 min and transmitted with Geostationary Operation Environmental Satellite (GOES) digital satellite telemetry to the U.S. Geological Survey (USGS) at Menlo Park, California, for processing (Mueller et al., 1981) . All sensors are mounted at about 2 m above the ground within deeply cemented wooden posts. Sites were chosen for maximum expected signal amplitude in locations where spatial magnetic gradients at the sensors are less than 1 nT/m to avoid spurious signals from sensor movement during earthquakes. The sites are also at distances of several kilometers from the fault where spurious signals cannot be caused by the large-scale displacement of magnetic material on the other side of the fault during earthquakes and fault slip.
Short-Term Data
To isolate magnetic field changes of local origin and to reduce common mode noise from ionospheric and magnetospheric sources some few hundred kilometers above the sites, we difference data from adjacent sites. The standard deviation r of hourly means of the resulting difference field data increases with site separation as
where a ‫ס‬ 0.07 ‫ע‬ 0.08 nT, b ‫ס‬ 0.01 ‫ע‬ 0.003 nT/km, and d is the site separation in kilometers (Johnston et al., 1984) . Figure 2a shows the differenced data for station VRM minus TFM for the two weeks before and 11 days after the Parkfield earthquake. Raw data values and the same data with 83-point smoothing applied before and after the earthquake are shown in the upper and lower plots, respectively. The difference in absolute field offsets at the two magnetometer sites is 0.4 ‫ע‬ 0.1 in the 83-point smoothed data. Figure 2b shows these same data for all the different site pairs. Clear offsets are apparent on many of the station pairs. In this figure, and a time expanded view in Figure 2c , it is also apparent that unusual magnetic field changes above the noise levels did not occur in the 10-min sampled data during the hours to minutes before the earthquake. Short-term magnetic field differences of 0.4 nT or so are not uncommon in magnetic difference field data taken with site separations of between a few kilometers to 20 km. Changes of this amplitude occur frequently during magnetic disturbances, solar flares, and solar storms and arise largely from differences in magnetic induction at the two sites. Adaptive filtering techniques can reduce these signals (Davis changes with the same form as the strain and displacement changes. It might be questioned whether these long-term magnetic field changes might be somehow related to the 11-year solar activity cycle or the result of differential induction effects of higher-order secular variation in the geomagnetic field. The solar activity peaked in 1990 and again in 2001 (Hathaway, 2006) . There are no corresponding disturbances in the magnetic record during these times. Rather, 1993 to 1997 is the least active time in the solar cycle. Furthermore, if magnetic disturbance activity is a contributing factor, this would not explain the strain, displacement, and seismicity data. Thus, taking all the data sets together, it seems likely and Johnston, 1983) . Fortunately, the solar activity during the 24-hr before and after the Parkfield earthquake was quiet, and the changes coincident with the earthquake at 17:15 UTC on 28 September cannot easily be ascribed to external magnetic disturbance effects since these do not generate permanent offsets.
Determination of the actual coseismic offsets at each site from the difference field offsets is not straightforward since all sites are close to the earthquake. The nearest magnetometers of similar design and synchronized sampling times are located in Long Valley caldera, some 217 km to the northeast. The 95% confidence limits (‫2ע‬r) of continuous hour averages of difference field data from the Parkfield sites are expected from equation (1) to be 2.1 ‫ע‬ 0.6 nT. To obtain finer resolution of the offsets we further processed the difference data sets during the month before and after the earthquake. We rejected all data for days in which magnetic disturbances occurred and all data during daytime hours when S q disturbances are evident. Linear regression fits were then made to the remaining nighttime values during the month before and the month after the earthquake, and the offsets were determined. The errors are the sum of the standard errors of variation about each regression line and are approximately equal to the 95% confidence limits. Other techniques were used in attempt to determine actual offsets. These included (1) calculating all differences with respect to a particular site chosen to be a reference (AGM) and (2) determining a network mean and differencing all data to that mean. While these techniques have lower offset errors, both suffer from the possibility that all the resulting offset data may be biased. This bias can be determined using the Long Valley data, and the measurements of the observed offsets are listed in Table 1 and shown as a function of position in Figure 3 .
Long-Term Data
Longer-term plots of smoothed difference data from the different site pairs for the 18 years before the earthquake are shown in Figure 4a after correction for normal secular variation at these sites (Johnston et al., 1985) . It is apparent that changes in both magnetic field rate at several sites and magnetic field transients at others occurred from 1993 to the present. These field changes occurred at the same time as changes in strain, displacement, microseismicity, and three M 4.0-5.0 earthquakes (Gwyther et al., 1996; Langbein et al., 1999) . The magnetic field rate changes have similar form to the changes in strain and fault slip, as shown in the comparative plot in Figure 4b . Since a 7-year drought in the Parkfield region also broke in 1993, it is possible that the strain and displacement data may have resulted from strain related near-surface hydrologic effects (Langbein et al., 1999) . However, the occurrence of three M 4-5 events in 1992, 1993, and 1994-the largest earthquakes on this section of fault since the 1966 M 6.0 earthquake-could not be a result of rainfall. Nor would rainfall cause magnetic that they have a generally common or related source. It is more difficult to determine whether higher-order secular variation effects are somehow leaking into the data since we need knowledge of the magnetic susceptibility distribution and long-term magnetic component data in the region. Again, the correspondence with strain, displacement, and fault slip would suggest that this is not the case.
To determine the long-term magnetic field changes at the various magnetometer sites, we have processed the data in the same manner as discussed above for the coseismic offsets. The offset data are listed in Table 2 and are shown as a function of position in Figure 5 . If Figure 3 and Figure  5 are compared, it is immediately apparent that the longerterm changes are generally opposite in sign, particularly in the south, and larger in amplitude than those produced by the earthquake as would be expected from the longer-term loading rate in the region (Savage et al., 1987) . Figure 6 shows plots of PK data after these data have been corrected using a prediction transfer function from similar data at SAGO and bandpassed to cover the band 0.01-20 Hz where precursory EM signals have been suggested to occur preceding earthquakes (Fraser-Smith et al., 1990; Kopytenko et al., 1993) . With regard to the electric field measurements, no indications of electric field (SES) events of the type reported by VAN (Varotsos et al., 1993a, b) are evident in the raw data or, more importantly, in the cleaned bandpassed data. We note that SES events of 25 mV/km, comparable to those reported by Varotsos et al. (1993a Varotsos et al. ( , 1993b , would be readily observed in these data. Future use of adaptive filtering techniques will eventually reduce the noise even further.
ULF Data
Increased noise is also not apparent in either the raw or cleaned/bandpassed magnetic field data shown in Figure 6 Figure 4. (a) Longterm magnetic difference data from 1980 to the present showing indications of rate change in the early 1990s. These data are corrected for secular variation as discussed in Johnston et al. (1985) . (b) Comparative strain, displacement, and fault slip from Langbein et al. (1999) and magnetic field difference from LGM and AGM on the same timescale.
(continued)
during the period of days to minutes before the earthquake as reported by Fraser- Smith et al. (1990) for the M 7.1 Loma Prieta earthquake and by Kopytenko et al. (1993) for the 1988 Spitak M 6.9 earthquake. The results at PK are very important since (1) the recordings are within a few kilometers of the edge of the rupture similar to the sensor/rupture position for the Loma Prieta earthquake and definitely much closer than 120-200 km as in the case of the Spitak earthquake; (2) the instrumentation has very low noise; and (3) corrections can be made for external common-mode noise from the ionosphere/magnetosphere. Thus, a direct near-field check of the type and form of EM signals occurring prior to, during, and following earthquakes of this magnitude can be made. The 96% confidence levels for northsouth and east-west electric fields during this period from 24 September to 29 September are 13.3 lV/km and 28.2 lV/ km while the 95% confidence levels for north-south, eastwest, and vertical magnetic fields during the same period are are 19.2 pT, 63.2 pT, and 14.0 pT. For comparison, the magnetic signals claimed by Fraser-Smith et al. (1990) to be related to the Loma Prieta earthquake without correction for magnetic and ionospheric noise were about 1 nT-some 50 times larger. We also searched the data from PK before and after the earthquake and at other times of similar solar activity for indications of increased noise. For this analysis, noise amplitude spectra were computed from 26.6-min sections of data during the preearthquake and postearthquake periods and also during similar consecutive 26.6-min periods at other times. No significant differences in noise amplitude spectra were observed in the data before and after the earthquake. Figure 7 shows a plot of noise amplitude spectra as a function of time for the 10 days before and after the earthquake using data that has first been corrected for commonmode signals predicted from SAGO. Note that noise amplitude signals of the form reported by Fraser- Smith et al. (1990) would be more than an order of magnitude larger than the values presented here. Other noise reduction tech- niques will also be applied to these data in the future (Kappler et al., 2005) . Correspondence between seismograms from comparative ground strain, ground displacement, ground velocity, and acceleration at sites near PK and magnetic and electric field seismograms at PK for the 30 sec before and after the earthquake indicates that a large part of the electric and magnetic field seismograms are likely produced by electromagnetic induction as a result of ground displacement and tilting of the electrodes and magnetic coils within the Earth's magnetic field by the earthquake shaking (Honkura et al., 2004) .
Discussion
Coseismic magnetic field offsets observed for the September 2004 Parkfield earthquake are expected to result from seismomagnetic effects since both the induced and the remanent magnetization are sensitive to the change in crustal stress produced by the earthquake (Nagata, 1969; Sasai, 1980 , 1991 , Stacey, 1964 Stacey and Johnston, 1972) . It is less likely that these rapid and irreversible changes in magnetic field could result from electrokinetic (EK) effectselectromagnetic fields resulting from earthquake-induced pore fluid flow changes (Dobrovolsky et al., 1989 , Fitterman, 1979 Ishido and Mizutani, 1981; Mizutani et al., 1976) since this would require rapid and implausibly continuous fluid flow. Expected EK signals would likely be short-term transients with temporally decaying magnetic signals such as observed in water-well records near the fault rupture. There was no indication of fluid flow from the ground at any point along the surface rupture, nor was there any permanent change in pore pressure or water-well level (Johnston et al., 2005a, b) . Thus, while the EK mechanism cannot be discounted, a more obvious explanation in terms of the piezomagnetic effect seems likely.
Following the methods described in Sasai (1980 Sasai ( , 1991 and Johnston and Mueller (1987) , a seismomagnetic model of the 2004 Parkfield earthquake was constructed from fault models based on inversion of offsets in borehole strain and GPS displacements for both uniform slip (Johnston et al., 2005a,b) and variable slip (Langbein et al., , 2006 . Other models are derived from joint inversion of GPS and strong-motion data and inversion of just the strong-motion data (Liu et al., 2006) . Since observations of surface magnetization at the various sites ranged between 2.0 A/m and 0.1 A/m and since magnetization usually increases below the weathered near-surface rocks, an average magnetization of 2 A/m was assumed. A stress sensitivity of 2 ‫ן‬ 10 ‫5מ‬ MPa ‫1מ‬ , consistent with theoretical calculations (Stacey and Johnston, 1972) and conservative values of laboratory measurements (Martin, 1980; Revol et al., 1977) were chosen. Using each of these models, shown in cross section in Figure 8 , magnetic field perturbations were calculated for a magnetic field inclination and declination of 60Њ and 15Њ, respectively. All parameters used are listed in Table 3 . The uniform slip model (Fig. 9a) gave some general agreement in sign and observed field values but tended to overestimate the observations in the south and underestimate the observations near the northern end and middle (TF, GH) of the rupture. Much better agreement was obtained with the Langbein et al. (2006) variable slip model (Fig. 9b) , most likely since higher slip is concentrated to the northwest of the hypocenter. Poorer agreement was found with the Chen et al. (2004) model (Fig. 9c) where, again, slip is concentrated to the northwest of the hypocenter but it is deeper. The worst fit was to the Lui et al. (2006) model for which substantial shallow slip is proposed to the north of the 1966 M 6.0 earthquake. This model would also not be consistent with the GPS data. At this stage, none of the models provide Figure 6 . Components of high-frequency electric and magnetic field from PK as a function of time for the 5 days preceding the M 6.0 2004 Parkfield earthquake after these data have been corrected using a prediction transfer function from similar data at SAGO and bandpassed to cover the band 0.01-20 Hz where precursory EM signals have been suggested to occur preceding earthquakes (Fraser-Smith et al., 1990; Kopytenko et al., 1993) . exact agreement and none fit the strong field gradient between GDM and TFM. This gradient is perhaps suggestive of shallower slip on the fault in this region. Clearly, joint inversion of all data (geodetic, strong motion, and magnetic) could provide a better estimate of the slip distribution. Because of model uncertainties, particularly slip distribution, magnetization distribution, and stress sensitivity, agreement should not be expected to better than 50% since uniform magnetization was assumed. Future models will include variable magnetization determined from local anomaly maps Global Positioning System (GPS) and strain data for a uniform slip model A, inversion of GPS data for a variable slip model B, from Langbein et al. (2006) , inversions of GPS and strong-motion data in a variable slip model C from Chen et al. (2004) and inversion of strong-motion data in a variable slip model D from Liu et al. (2006) . For reference, the uniform slip model is included on each of the variable slip models. The background for model A is from Fletcher and Spudich (1998) . Fault parameters for model A are listed on the cross section. Fault parameters for model B (Langbein et al., 2006) , model C , and model D (Liu et al., 2005) used to model the event are listed in the respective papers. Table 3 . Contour interval is 0.1 nT.
Seismomagnetic Effects from the
result from stress-induced reversible changes in magnetization (piezomagnetic effects) and less likely result from electric currents caused by earthquake-driven fluid flow (EK effects). Rupture-driven charge generation in a crust with a conductivity of 1-10 S/m are unlikely to contribute to this process. Electrokinetic effects would require long-term continuous fluid flow at seismogenic depths to explain the magnetic field offsets. The absence of surface or subsurface indications of major fluid flow in strain and pore pressure data argues against the likelihood of an EK mechanism at Parkfield. The observations presented here are thus most consistent (in both amplitude and sense) with a simple piezomagnetic model of the earthquake. This model has as its essence the same general fault-slip geometry, slip amplitudes, and earthquake moment that can be used to explain the seismic and geodetic ground displacement data generated by the earthquake. No significant changes in local magnetic field occurred in the weeks to minutes before the earthquake on any of the seven synchronized magnetometers in the region. This is consistent with the absence of changes in strain, pore pressure, microseismicity, ground displacement, and electric field during this time (Bakun et al., 2005 Nor were changes in magnetic and electric field in the ULF band observed during this time on the PK magnetotelluric monitoring system operated by the University of California-Berkeley. This raises further questions concerning whether the changes observed by Fraser- Smith et al. (1990) and Kopytenko et al. (1993) were really related to the earthquakes that followed. The PK system is a high-quality lownoise EM monitoring system, and a second system SAGO at distance of about one ionospheric height further up the fault allows correction for external electromagnetic disturbances. The PK system is within a few kilometers of the end of the earthquake rupture, yet no increased EM noise was observed. The only potentially significant difference was the smaller size of the Parkfield earthquake compared to the M 7.1 Loma Prieta earthquake. However, larger earthquakes do not imply larger stress changes (drops) only larger total slip and rupture length (Aki and Richards, 1980) , and PK is close to the end of the eventual rupture where stress changes are greatest.
No electric field disturbances of the form proposed by Varotsos et al. (1993a, b) and Nagao et al. (1996) to precede earthquakes were observed above the instrument noise on the various electrodes. This noise level is more than an order of magnitude below the signals reported by Varotsos et al. (1993a, b) .
A higher rate of longer-term magnetic field change, consistent with increased loading in the region, is apparent since 1993. This accompanied an increased rate of secular shear strain, observed on a two-color geodimeter network and a small network of borehole tensor strainmeters, and increased seismicity dominated by three M 4.5-5.0 earthquakes that occurred roughly a year apart in 1992, 1993, and 1994 . Models incorporating all of these data indicate increased slip at depth in the region. Accelerated loading may have played a and improved estimates of slip distribution on the fault. The absence of clear postseismic magnetic changes is not unexpected since the magnetic data are sensitive to elastic behavior produced by changes in stress and less sensitive to anelastic behavior associated with postseismic slip. Furthermore, smaller longer-term signals are more difficult to identify in these magnetic data.
The longer-term changes in local magnetic fields in the Parkfield region are intriguing. They are generally opposite in sense and much larger, particularly in the south, than the changes produced by the earthquake. These changes would be consistent with increased loading within the creep-locked transition zone produced by accelerated slip beneath the region starting in the early 1990s. This may have triggered the increased shear strain and moderate seismicity during this time, but the moderate seismicity and perhaps associated limited slip are insufficient to produce the observed changes in magnetic field, particularly at sites up to 20 km away in the southeast.
We have generated a magnetic loading model (albeit poorly constrained) of the entire creeping-to-locked transition region. This model is similar though larger than the earthquake stress drop model discussed above. To generate the observed changes of up to 4 nT over the 10-year period would require substantially more stress accumulation than was released in the 2004 M 6.0 Parkfield. This would imply that the Parkfield earthquake did not release all accumulated stress in the region as indicated also by the large postseismic slip that followed the earthquake (Langbein et al., 2006) . The earthquake moment release and postseismic moment release was equivalent to at least two M 6.0 earthquakes. At the current loading rate of 33 mm/yr (Savage et al., 1987) , slip equivalent to a M 6.4 earthquake should be expected on each 20-km segment of fault every 20 years. The details are further complicated by the likelihood that the great 1857 M 8 Fort Tejon earthquake that ruptured the San Andreas fault from Parkfield to San Bernardino released only 3 m of slip on the Chalome fault segment (Sieh and Jahns, 1984) and thus did not completely release the stress on this segment. A high stress gradient therefore should be expected on the segment to the south of Gold Hill, and changes in this gradient may be what we are seeing on the long-term magnetic data. As others Archuleta, 1988, Sieh and Jahns, 1984) have speculated, a larger earthquake propagating to the southeast into the Chalome segment is likely in the future.
Conclusions
Static magnetic field decreases of as much as 0.4 nT occurred at monitoring sites immediately surrounding the rupture of the 18 September 2004 M 6.0 Parkfield earthquake. These were similar in amplitude to those recorded during the larger M 7.3 1992 Landers earthquake (Johnston et al., 1994) and the more comparable 8 July 1986 M L 5.9 North Palm Springs earthquake (Johnston and Mueller, 1987) . These coseismic seismomagnetic effects most likely
